ABSTRACT Gulf of Mexico sediments harbor numerous hydrocarbon seeps associated with high sedimentation rates and thermal maturation of organic matter. These ecosystems host abundant and diverse microbial communities that directly or indirectly metabolize components of the emitted fluid. To investigate microbial function and activities in these ecosystems, metabolic potential (metagenomic) and gene expression (metatranscriptomic) analyses of two cold seep areas of the Gulf of Mexico were carried out. Seeps emitting biogenic methane harbored microbial communities dominated by archaeal anaerobic methane oxidizers of phylogenetic group 1 (ANME-1), whereas seeps producing fluids containing a complex mixture of thermogenic hydrocarbons were dominated by ANME-2 lineages. Metatranscriptome measurements in both communities indicated high levels of expression of genes for methane metabolism despite their distinct microbial communities and hydrocarbon composition. In contrast, the transcription level of sulfur cycle genes was quite different. In the thermogenic seep community, high levels of transcripts indicative of syntrophic anaerobic oxidation of methane (AOM) coupled to sulfate reduction were detected. This syntrophic partnership between the dominant ANME-2 and sulfate reducers potentially involves direct electron transfer through multiheme cytochromes. In the biogenic methane seep, genes from an ANME-1 lineage that are potentially involved in polysulfide reduction were highly expressed, suggesting a novel bacterium-independent anaerobic methane oxidation pathway coupled to polysulfide reduction. The observed divergence in AOM activities provides a new model for bacterium-independent AOM and emphasizes the variation that exists in AOM pathways between different ANME lineages.
KEYWORDS AOM, metagenomic, metatranscriptomic, methane, polysulfide M ethane seeps are widespread in marine environments, particularly in continental margins where deeply buried organic matter is progressively transformed to hydrocarbons (1) . Large and diverse chemosynthetic communities flourish in these environments, and surface sediments are often colonized by conspicuous macrofaunal assemblages (e.g., bivalves, tube worms) or microbial mats, depending on the emitted fluids (2, 3) . The surface communities are fueled by hydrocarbons in the seeping fluids and metabolic products from the sedimentary microbial communities. Numerous microbial lineages occur in these environments. Many of these remain uncultured, and their potential functions remain poorly characterized (4) . Microbial community analyses (2, 3, 5) and activity measurements (6, 7) indicated that community composition and metabolic activities depend on fluid flow rate and hydrocarbon composition. Nevertheless, anaerobic methanotrophs are almost ubiquitous in these environments (8) . They frequently represent the predominant microorganisms in the sulfate-and methane-rich sediment layers of marine seep ecosystems, consuming up to 90% of the methane from the seep in the absence of oxygen (9) . Anaerobic oxidation of methane (AOM) in marine methane seep sediments was first discovered associated with syntrophic aggregates of archaeal anaerobic methanotrophs (ANME) and sulfate-reducing bacteria (SRB) from the Deltaproteobacteria, where methane oxidation is coupled to sulfate reduction (10) . Exploration of seep sediments around the world has led to the identification of various ANME lineages, including ANME-1a, -1b, -2ab, -2c, and -3 (3, 9, 11), as well as lineages that seem to be geographically restricted (ANME-1 Guaymas groups [12] , Aarhus Bay M5 ANME-1 [13] ). Concomitantly, deltaproteobacterial members of AOM consortia, including the SEEP SRB1a cluster from the Desulfosarcina/ Desulfococcus group (14, 15) , some Desulfobulbus lineages (16, 17) , SEEP SRB2 from hydrothermal systems (18, 19) , and "Candidatus Desulfofervidus"/hot seep 1 (20, 21) , have been discovered. Other lineages, such as members of the Verrucomicrobia, have also been suspected to play a role in AOM consortia (22) . While some variation in metabolism seems to occur within ANME lineages (23) , genomic (24) and proteomic (25) studies indicated that all anaerobic methanotrophs oxidize methane to CO 2 using a reverse-methanogenesis pathway. However, debate remains about the mechanisms whereby methane oxidation is coupled to respiratory pathways, and this seems to be dependent on the specific organisms involved (23) . For example, the role of each of the partners and how archaeal and bacterial metabolism in AOM consortia are coupled remain a matter of discussion (26) . Initially, AOM was thought to be carried out by archaeal ANME with hydrogen, electrons, or low-molecular-weight organic acids (formate or acetate) providing the energy source for the syntrophic sulfate reducing bacterial partners (9, 10) . Other data suggested that ANME-2 could reduce sulfate to polysulfide and elemental sulfur (S 0 ) via an as-yet-uncharacterized pathway (27) . In this process, which remains to be supported by the identification of the genes involved, S 0 possibly in the form of polysulfide is the proposed intermediate electron carrier that links the metabolism of the ANME archaea to sulfur-disproportioning Deltaproteobacteria (27) . Alternatively, conductive pili (nanowires) and multiheme cytochromes, analogous to the outer membrane cytochromes involved in extracellular electron transfer in, e.g., Geobacter spp., were reported in ANME-2/SEEP SRB1 (28) and ANME-1/hot seep 1 aggregates isolated from Guaymas Basin hydrothermal sediments (29) . Analysis of genomic bins, gene expression, and ultrastructure of meso-and thermophilic AOM consortia revealed that genes encoding putative electrically conductive proteins were highly expressed in AOM consortia (30) . Direct electron transfer through extracellular conductive proteins may therefore be a key mechanism coupling the metabolism of ANME and sulfate-reducing bacteria in some AOM assemblages (28, 29, 31) . Nitrate can also be reduced by specific lineages of ANME, like "Candidatus Methanoperedens nitroreducens" and the ANME-2d that have and express a nitrate reductase gene (narG) directly accepting electrons from AOM (11, 32) . Metal ions (33-35) and extracellular quinones (36) can also be used as electron acceptors by ANME-2 for AOM. Interestingly, the use of extracellular quinones as electron acceptors for AOM can decouple this process from bacterial activity (36) . Potential independence of AOM from bacterial involvement has also been inferred from fluorescence in situ hybridization (FISH) analysis of aggregates of ANME-1, -2a, and -3, which showed no detectable bacterial partner (17, 37, 38) , questioning obligate syntrophic models of ANME metabolism in methane seep environments. Gene expression profiling has been carried out on mesophilic and thermophilic AOM consortia that have been maintained in the laboratory for over 2 years (30) . This has revealed extracellular electron exchanges between ANME and sulfate-reducing bacteria. Likewise, genetic composition and expression of a single ANME-2a aggregate obtained after 1 year of incubation in a high-pressure bioreactor and a nitrate-reducing freshwater ANME-2d from a bioreactor have been explored, revealing ANME-2 lineage metabolic specificities. Metaproteomic analysis of ANME-rich microcosms has also been carried out, depicting differences in expression of proteins involved in the methane metabolism between ANME variants. Together, these results highlighted a strong variability or flexibility in ANME metabolism. However, it is uncertain how these results can be extrapolated to in situ activities and how AOM consortia function in low-temperature seep environments with different and fluctuating seepage composition and regimens.
To better understand the different microbial processes in methane seep sediments in relation to fluid composition, the metabolic potential (metagenomic) and gene expression (metatranscriptomic) patterns of two contrasting Gulf of Mexico seep sediments were investigated, providing a snapshot of potential activities of the complex ANME-dominated microbial communities. Given the apparent metabolic versatility of ANME archaea, we hypothesized that hydrocarbon seeps with different fluid compositions harbor different microbial communities catalyzing AOM and that these may exhibit different routes of methane oxidation.
RESULTS
Geochemical characteristics of the seep sediments. Sediment push cores (15 cm long) from two different cold seep sites from the Mississippi Canyon of the Gulf of Mexico were analyzed ( Fig. 1) : (i) a cold seep area (push core 1 [PC1]) covered by orange microbial mats and (ii) a slowly emitting gas seep (PC10) showing sporadic bubble emission surrounded by scattered white mat-like traces at the sediment surface. PC1 sediments, which exhibited intense gas bubbling at the seafloor, harbored high hydrocarbon concentrations, with up to 85.45 M methane, 39 M ethane, 21 M propane, and 61.5 M butane (Fig. 1) . The presence of these alkanes as well as the ␦ 13 C of methane (-54.6 ‰) suggested a mixed thermogenic/biogenic source with a predominantly thermogenic origin of the hydrocarbon fluid. In contrast, PC10 sediments, which exhibited limited bubbling at the seafloor, had lower hydrocarbon concentrations, with up to 2.55 M methane within the sampled sediment horizons. The ␦ 13 C of methane was -68.7‰, and no other hydrocarbons were detected, suggesting a different seep origin (39) . PC1 sediment exhibited a low sulfate concentration (1.71 mM) relative to the seawater concentration and the absence of detectable sulfite. At a depth of 3 to 4 cm below the sea floor (cmbsf), PC10 contained 7.88 mM sulfate and 0.12 mM sulfite, whereas the deeper sediment layer (10 to 12 cmbsf) contained 12.93 mM sulfate and 0.13 mM sulfite (Fig. 1) .
Microbial community composition. Microbial community composition under the different seepage compositions and regimens was determined by analyzing the 16S rRNA genes and transcripts extracted from metagenomic and metatranscriptomic sequencing data (Fig. 2) . The DNA-based metagenomes had relatively similar microbial community compositions (Bray-Curtis similarity, 60.7% and 60.1% between PC1 3-to 4-cmbsf and PC10 3-to 4-cmbsf and 10-to 12-cmbsf sediment samples, respectively, and 74% between PC10 3-to 4-cmbsf and PC10 10-to 12-cmbsf sediment samples). Based on the number of 16S rRNA genes recovered from metagenomes, the bacteria represented on average 74% Ϯ 7% of the total microbial community and was domi-nated by members of the Chloroflexi (13% Ϯ 3%), various Deltaproteobacteria (13% Ϯ 2%), Epsilonproteobacteria (4% Ϯ 2%), candidate division JS1 (Atribacteria, 4% Ϯ 1%), OD1 (3% Ϯ 1%), and Bacteroidetes (6% Ϯ 4%) (Fig. 2) . The archaeal community (24% Ϯ 7% of the microbial 16S rRNA gene reads) was dominated by anaerobic methanotrophs ANME-1b (9% Ϯ 3%), marine benthic group D (4% Ϯ 1%), and Thermoplasmata (4 Ϯ 0.8%) (Fig. 2) . Notwithstanding that in some cases cells can maintain high levels of ribosomes, even when not metabolically active (40, 41) , metatranscriptomic data were used as a proxy for the detection of metabolically active populations. The microbial community composition obtained from metatranscriptomic data presented a different profile from that of metagenomic data (Fig. 2) . On the basis of sequences extracted from the metatranscriptome, 16S rRNA sequences from archaea represented 45% of the reads in sediment from 3 to 4 cmbsf at both sites PC1 and PC10 and up to 64% of the 16S rRNA reads from 10 to 12 cmbsf at site PC10. ANME-1b organisms were the predominantly active archaea in PC10 sediments (32% Ϯ 11% of rRNA reads), whereas ANME-2 organisms were the most active archaea in the PC1 sample (30% of rRNA reads) (Fig. 2) . The metabolically active fraction of the bacterial community was dominated by deltaproteobacterial lineages, with the SEEP SRB2 group proving to be the most active bacteria in PC10 sediment samples and the SEEP SRB1 group and Desulfobacteraceae being the most active bacteria in PC1 sediments (Fig. 2) .
Methane-cycling community composition. Methane-producing and -oxidizing archaea were also identified by analysis of the genes encoding the alpha subunit of the 
FIG 3
Taxonomic affiliation of mcrA (a) and dsrAB (b) metagenomes (MG) and metatranscriptomes (MT) in PC1 and PC10 sediment samples. Shades of green represent Deltaproteobacteria families. ANME-1 subgroup affiliation was not possible using BLAST but was determined using a phylogenetic tree with reconstructed full-length mcrA genes and transcripts (Fig. S1 ). sediment samples (Fig. 3a) . In PC10 sediment, ANME-1b organisms were the only anaerobic methanotrophs identified, as well as the most active methane-cycle lineage (which consisted of up to 97% of the mcrA transcripts in PC10 3-to 4-cmbsf samples) ( Fig. 3a; Fig. S1 ). In contrast, in PC1 sediment samples, although mcrA gene sequences were affiliated to ANME-1, ANME-2c, and methanogenic lineages, 98% of the mcrA transcripts were related to the ANME-2c lineage (Fig. 3a) . Few reads of aerobic methane oxidation genes (pmoA, mmoA) were detected in PC1 and PC10 3-to 4-cmbsf samples (their read numbers were 25 times less than the mcrA read numbers in the same samples), and no transcripts of pmoA nor mmoA were detected in the samples.
Sulfate reducer community composition. Sequences of the genes and transcripts for dissimilatory sulfite reductase (dsrAB) were analyzed using a dsrAB database (43) and phylogenetic analysis to identify sulfate-reducing bacteria ( Fig. 3b; Fig. S1 ). Based on the proportion of dsrAB reads from metagenomic data, sulfate-reducing bacterial community composition in all samples was dominated by members of the Desulfobacteraceae, Desulfobulbaceae, Firmicutes, and an environmental cluster of cold seep clones, potentially corresponding to the SEEP SRB2 group identified by 16S rRNA analysis ( Fig. 3b; Fig. S1 ). However, metatranscriptome analysis revealed that the most abundant SRB were potentially not active as sulfate reducers. Indeed, no dsrAB transcripts from over 130,000 transcripts of functional genes were detected in sediment samples taken from 3 to 4 cmbsf at site PC10. Transcripts from dsrAB genes detected in sediments from 10 to 12 cmbsf at site PC10 were affiliated mainly with dsrAB genes from SEEP SRB2 and, to a lesser degree, Desulfobacteraceae, though metagenome analysis inferred that the Desulfobacteraceae were more prevalent. Metatranscriptomederived dsrAB sequences from PC1 sediments were dominated by reads from the Desulfatiglans anili lineage, SEEP SRB2, and SEEP SRB1 (Desulfobacteraceae), which were present at much lower frequency in the metagenome data ( Fig. 3b; Fig. S1 ).
Gene expression in the microbial communities. A total of 8,092 different functional genes (KEGG orthologs [KO]) were identified in the metagenomes derived from the sediment samples. After rRNA removal and multiple normalizations to 130,000 reads of functional gene transcripts, 54.2% (4,385) of the genes detected in the metagenomes were shown to be expressed (more transcripts than the corresponding genes) in at least one sediment sample (Fig. S2 ). Although we cannot exclude the possibility that some of the short half-life mRNA molecules had been degraded or that gene expression could have been modified during the recovery of the cores, detected transcripts were consistent with potential cold seep activities. Overall metagenomic and metatranscriptomic analysis of the sediment samples indicated that genes potentially involved in methanogenesis or AOM (fmdABCDE, ftr, mch, mtd, fae-hps, metF, cdhCDG, mtrABCDEGH, mcrABCG) were strongly represented and expressed in all samples (on average, the log 2 fold change [log 2 FC] was 1.1 Ϯ 0.3) ( Fig. 4; Fig. S2 ) and detected in the ANME-1-recruited reads (ANME-1-recruited reads formed a genomic bin with a completeness level at 82.55%, contamination level at 8.86%, and strain heterogeneity at 14.5%) (Fig. 4) . Genes of the cytoplasmic Hdr1 (hdrABC) and Hdr2 (mvhD frhB hdr) complexes and fqo were also identified in metagenomic and metatranscriptomic data sets and in ANME-1-recruited reads (Fig. 4) . Genes coding for Rnf and Ech hydrogenases were also detected in unassembled data but not recruited in the ANME-1 bin. Furthermore, no transcripts of ech and very low transcript levels of rnf were detected in the samples (on average, log 2 FC ϭ -1.8). Based on the taxonomic affiliations of these genes and transcripts, most of the rnf sequences belonged to deltaproteobacterial lineages, whereas ech genes were associated with Firmicutes or Epsilonproteobacteria. Multiheme cytochrome c genes, involved in extracellular electron transfer, were also identified in all samples and in the ANME-1 reads. However, a positive transcription level (more transcripts than genes) was detected only in the PC1 sediment sample (log 2 FC ϭ 1.72 in PC10) (Fig. 4) . Genes for cytochrome b were present, but fewer transcripts than genes were detected in all samples (log 2 FC ϭ -1.2), and cytB genes were not identified in ANME-1-recruited reads but were related to various proteobacterial lineages. Genes for nitrate (narGH) and nitrite (nirB) reduction pathways were investigated to explore a potential link between nitrogen cycling and AOM (11, 32) . These genes as well as the potential for nitrogen fixation (nifBDEFHK) were detected in all samples (Fig. S3) . However, metatranscriptomic data indicated that only genes for nitrogen fixation (nifBDEFHK, log 2 FC ϭ 1.23 Ϯ 0.6), affiliated mainly with ANME communities, were expressed in all samples, whereas no transcript or fewer transcripts than genes were detected for nitrate reduction genes that were affiliated with gammaproteobacterial lineages (log 2 FC ϭ -4.7 in sample PC1) (Fig. S3) . Genes for sulfate (sat, aprA, dsrAB), thiosulfate (TST), elemental sulfur (hydABCD), and polysulfide (psrAC or phsAC) reduction as well as genes for sulfide oxidation (sox, sulfide:quinone oxidoreductase-like [SQR] gene) were detected in all sediment samples (Fig. 5) . Sulfate reduction genes (aprA and dsrAB) were expressed (more transcripts than genes) in sediment sample PC1 (log 2 FC ϭ 0.88), whereas low levels of expression of these genes (log 2 FCs ϭ 0.45 and -0.75 for dsrAB and aprA, respectively) were detected in PC10 at 10 to 12 cmbsf, and no transcripts were detected in PC10 at 3 to 4 cmbsf. Thiosulfate/ polysulfide reduction genes (psrA and phsA) were expressed in PC10 at 3 to 4 cmbsf (log 2 FC ϭ 1.27), with transcripts affiliated with the Atribacteria (candidate division JS1/OP9). Genes involved in elemental sulfur reduction and thiosulfate oxidation were not expressed or were expressed at very low levels in the samples. The SQR gene, affiliated mainly with ANME-1 (91% of the genes and transcripts were homologous to ANME-1-recruited sequences), was expressed in PC10 both at 3 to 4 cmbsf and at 10 to 12 cmbsf (log 2 FC ϭ 1.08 Ϯ 0.3). Genes and transcripts encoding an F420-dependent sulfite reductase (Fsr) affiliated with ANME communities were detected in all sediment samples but at highest relative abundance in PC10 at 3 to 4 and 10 to 12 cmbsf (2 and 4 times more genes and transcripts than in PC1 samples) ( Fig. 5; Fig. S2 ). Genes and transcripts involved in assimilatory sulfate reduction (cysNDCHIJ) were also detected in all samples (Fig. 5) and were affiliated mainly with ANME communities, Firmicutes, and Bacteroidetes. Additionally, genes involved in the anaerobic degradation of alkanes (assA or bssA, bbsEF) and aromatic hydrocarbons (aliB, badADI, bnsE, nylB) that were related to sequences from deltaproteobacterial lineages (Desulfatiglans, Desulfobacteraceae, and Syntrophobacteraceae) were identified in all samples (Fig. S3) . The relative proportion of these genes was greater (2.7 times more reads) in the PC1 sediment sample than in the PC10 samples (2-fold more reads than in PC10 at 3 to 4 cmbsf and 3.4 times more than in PC10 at 10 to 12 cmbsf). However, fewer transcripts than genes were detected in all sediment samples, indicating that not all of the organisms carrying these genes expressed them at the time of sampling (Fig. S3) .
DISCUSSION
Coupled metagenomics and metatranscriptomics provide useful perspectives on microbial activity and microbial responses to changing environmental conditions (44) , revealing metabolic niches (45) , metabolic pathways, and potential syntrophic interactions in complex microbial communities (46, 47) . Despite extensive analysis of cold seep microbial communities (8, 9, 37, (48) (49) (50) , there have been comparatively few reports of gene expression profiling of these environments, and these have been based largely on single-gene analyses (51) or enrichments (11, 25, (27) (28) (29) (30) 38) . Although the latter studies bring valuable insights into AOM consortia and ANME functioning, it remains unclear whether microbial activities in controlled microcosms (25) and sediment-free enrichments maintained for more than a year under laboratory conditions (30, 38) reflect in situ activities. Moreover, measuring rates of activity in situ and isotopic labeling are difficult to set up with remotely operated vehicles (ROVs) operating on the seafloor, and activity measurements are constrained to metatranscriptomic and proteomic analyses of sediment samples, presenting a snapshot of the in situ microbial activity. In this study, we combined metagenomic and metatranscriptomic sequencing to investigate the potentially active metabolic processes in two hydrocarbon seep locations in the Gulf of Mexico. Distinct microbial communities were detected at sites characterized either by biogenic methane seepage or thermogenic hydrocarbon seepage. A larger potential for anaerobic alkane degradation (assA or bssA and bbsEF genes) was detected Numbers of metagenomic reads (after normalization) for each gene of the sulfur cycle and its gene expression level (log 2 fold change) detected in PC1 at 3 to 4 cmbsf (blue), in PC10 at 3 to 4 cmbsf (purple), and in PC10 at 10 to 12 cmbsf (gray) are shown. Red lines indicate that no transcripts were detected. Yellow squares indicate the presence of the gene in ANME-1-recruited reads. APS, adenylyl sulfate; PAPS, 3=-phosphoadenylyl sulfate; SQR, sulfide-quinone oxidoreductase; fsr, F420-dependent sulfite reductase; phsA, thiosulfate/polysulfide reduction; TST, thiosulfate reduction; hydABCD, elemental sulfur reduction; Sox, thiosulfate/sulfur oxidation pathway.
at the site dominated by thermogenic hydrocarbons (PC1 sediment core) containing substantial amounts of methane and higher molecular weight gaseous alkanes than in PC10 sediment samples, which contained only methane. These genes were affiliated with members of the Desulfobacteraceae and Syntrophobacteraceae families, also identified in dsrAB and 16S rRNA genes and transcript sequences, and are known to harbor alkane-oxidizing lineages (Bus5, Desulfatibacillum alkenivorans, Desulfoglaeba alkanexedens). However, fewer transcripts than genes involved in the degradation of alkanes and other hydrocarbons were detected in the metatranscriptome data from PC1 sediments (log 2 FC Ͻ 0, excepted for the nylB gene) (Fig. S3) , suggesting marginal activity. Nevertheless, 16S rRNA and dsrAB transcripts from Deltaproteobacteria related to Desulfatiglans anilini and strain NaphS2, which are known to degrade aromatic compounds or polycyclic hydrocarbons (18, 52, 53) , were also detected, suggesting that at least part of the sulfate-reducing bacterial community might actively degrade hydrocarbons other than methane in alkane-rich PC1 sediments, as previously suggested by measurements of hydrocarbon-degrading activity in Gulf of Mexico seep environments (7, 54) .
Decreasing methane concentrations from 12 cmbsf to 2 cmbsf in PC10 sediments (2.55 M at 10 to 12 cmbsf, 0.06 M at 5 to 10 cmbsf and 0.04 M at 0 to 3 cmbsf) as well as increasing ␦ 13 C of methane in PC1 sediments from 10 to 12 cmbsf to the surface (-54.6‰ at 7 to 10 cmbsf, -52.8‰ at 5 to 7 cmbsf, -50.6‰ at 0 to 3 cmbsf) ( Fig. 1) suggested methane oxidation in both the PC1 and PC10 cold seep sites (39) . These measurements were supported by the taxonomic affiliation of 16S rRNA transcripts identified in the samples, with ANME-1 and ANME-2 archaeal lineages being predominant and active members of the microbial community, inferring that methane cycling and more particularly anaerobic methane oxidation were two of the dominant processes in these cold seep sediments of the Gulf of Mexico. These results were confirmed by the high expression level of the reverse-methanogenesis pathway as well as by the expression of the nitrogen fixation genes affiliated with ANME communities (Fig. 4 ; Fig. S2 and S3 ), as previously reported (55) . Thus, despite the differences in fluid composition between seep areas PC1 and PC10, there was a considerable contribution of ANME archaea to microbial activities in these contrasting cold seep environments. Analysis of transcripts from mcrA and 16S rRNA genes indicated that anaerobic methanotrophic communities differed between seep sites. Seeps emitting potentially biogenic methane harbored microbial communities dominated by ANME-1b, whereas seeps producing fluids containing a complex mixture of thermogenic hydrocarbons were dominated by ANME-2 lineages. This suggests that different ANME lineages have distinct ecological requirements or metabolic capabilities, as previously suggested for other cold seep sediments (37, 56) . To investigate this further, levels of gene expression in communities where either ANME-1 or ANME-2 organisms were predominant were compared.
Anaerobic oxidation of methane: ANME-1 versus ANME-2. Metagenomic and metatranscriptomic sequencing indicated that methane seep sediments in the Gulf of Mexico with relatively low methane emissions (PC10) were colonized by an active ANME-1b community (up to 64% of the 16S rRNA). All the genes needed for reverse methanogenesis were detected in these sediments. These genes and corresponding transcripts were identified on ANME-1-recruited reads; an exception was the mer gene, encoding an N5,N10-methylene-tetrahydromethanopterin (H 4 MPT) reductase (Mer), which is an enzyme needed to oxidize methyl-H 4 MPT (Fig. 4) . The absence of a mer gene in ANME-1 lineages has been previously reported (24, 25, 57, 58) . The role of Mer can be replaced by the product of metF, detected in our ANME-1-recruited reads, which encodes a structural analogue of Mer (23, 57) . Transcripts of metF were expressed by ANME-1 in sediment from the PC10 core, supporting this alternative pathway. This observation is consistent with previous metatranscriptomic analysis of AOM enrichments (30) . Alternatively, Mer can be replaced by the fae-hps gene products. These genes were detected in our ANME-1 reads and were also highly expressed (log 2 FC ϭ 2.7 in PC10 sediments) (57, 58) . The fae-hps gene products provide a metabolic bypass converting formaldehyde to methylene-H4MPT. However, despite the detection of the cdhCDG genes, encoding a methyltransferase involved in the first step of the conversion of methyl-S-coenzyme M to formaldehyde, genes encoding a subsequent methanol dehydrogenase were not recruited from our ANME-1 sequences or from previous ANME-1 metagenomes (58) and metaproteomes (25) .
The methanogenic activities of some ANME-1 lineages have been previously suspected (13, 59) . Genes for Fqo, Hdr1, and Hdr2 hydrogenase complexes were identified in ANME-1 reads, as previously observed (57), supporting a potential hydrogenotrophic methanogenesis by ANME-1. However, given the low methane concentrations measured in these sediments, the decreasing methane concentration from 12 to 2 cmbsf, and the low expression level of hydrogenase genes, the majority of ANME-1b organisms in PC10 sediment samples at the sampling time are more likely net methane consumers than producers in this system.
Known putative sulfate-reducing partners for ANME-1 (Desulfobulbaceae, SEEP SRB1, and SEEP SRB2) were identified. However, the 16S rRNA genes and transcripts associated with these lineages were detected at low levels (Ͻ5% of rRNA in the metatranscriptomes) compared to ANME-1 levels (32% of rRNA). The dominance of ANMEassociated reads over those associated with their potential bacterial partner has been previously observed in enrichments of AOM consortia (30) . Moreover, the involvement of SEEP SRB2 lineages in low-temperature AOM has been questioned (16) . No dsrAB nor aprA transcripts were detected at 3 to 4 cmbsf in PC10 sediment, and expression levels at 10 to 12 cmbsf of PC10 were low (dsrAB, log 2 FC ϭ 0.45; aprA, log 2 FC ϭ -0.75). The expression level of sat genes, encoding the sulfate adenylyl-transferase, was also very low (sat, log 2 FC ϭ -1.55; aprA, log 2 FC ϭ -1.24), suggesting limited dissimilatory sulfate reduction activity in these sediment samples. Under these conditions, the partial sulfate depletion observed in these sediments compared to that in the PC1 sediment sample (Fig. 1 ) might be due to abiotic processes. Barite deposits, which form by the interaction of barium-rich seeping fluids with seawater sulfate in low flux fluid expulsion regimes, might potentially explain the sulfate depletion in the surface sediments (60) . Such deposits have been observed in many cold seeps of the Gulf of Mexico (including in the Mississippi Canyon) as well as in many other cold seeps (61) . Advection of low sulfate fluids, which dilutes seawater sulfate, is also possible in cold seep sediments. In addition, genes and transcripts of the assimilatory sulfate reduction pathway (CysND-CHI) were detected in PC10 sediment samples and ANME-1-recruited reads. Part of the sulfate might therefore have been slowly consumed by assimilatory sulfate reduction of the ANME-1 biomass (Fig. 5) .
Gene expression profiles of the ANME-1 communities indicated very low expression levels for multiheme cytochrome c genes, potentially involved in extracellular electron transfer (log 2 FC ϭ -1.95), suggesting that electrons from AOM were probably not transferred directly to extracellular acceptors, such as other bacteria, metal oxides, or potential extracellular organic electron acceptors (e.g., humic acids, quinones) (36) . Together, these results suggest that AOM in the PC10 ANME-1b-dominated community is probably decoupled from bacterial sulfate reduction, in agreement with previous observations by FISH in other cold seep sediments (37) .
It has been suggested that some ANME organisms may have a novel sulfate reduction pathway and are capable of reducing sulfate to elemental sulfur (S 0 ), which couples AOM to sulfate reduction in a single cell (27) . There is also evidence that a number of ANME-related methanogens can reduce elemental sulfur to sulfide (62) . In either case, the enzymatic mechanism remains unresolved. Genes encoding an F420-dependent sulfite reductase (Fsr) were detected in the ANME-1b-recruited reads of sample PC10 and were also expressed (Fig. 4 and Fig. S2) . A sulfide detoxification function, initially identified in methanogens, was proposed for this enzyme (63) . However, Fsr may catalyze parts of a novel sulfate or sulfur/polysulfide reduction pathway in ANME organisms (30) . Genes and transcripts of fsr were also detected in PC1 hydrocarbon seep sediments dominated by members of ANME-2, suggesting potential involvement in a detoxification process in both ANME-1 and ANME-2 lineages. However, the relative proportion of genes and transcripts was 4 times higher in ANME-1b-dominated sediments, potentially suggesting an additional role in ANME-1b metabolism.
Metatranscriptomic data highlighted that sulfide:quinone oxidoreductase-like (SQR) genes identified in the ANME-1b-recruited reads were highly expressed in PC10 sediments both at 3 to 4 cmbsf and at 10 to 12 cmbsf but not in PC1 sediments (Fig. 4 and Fig. S2 ) (91% of the detected SQR transcripts were homologs to the SQR sequences recruited in the ANME-1 genomic bin). SQR is a membrane-associated protein related to pyridine-nucleotide:disulfite oxidoreductase that has been characterized as a key enzyme in sulfide oxidation, producing polysulfide/elemental sulfur as the product. However, at least six types of SQR-like sequences have been defined (64) , highlighting a strong heterogeneity among SQR sequences, with a functional role for half of these still unknown. Characterized SQR proteins require a sulfur oxygenase reductase (SOR) for sulfide oxidation (65); however, no SOR genes or transcripts were detected in our data set. Under anoxic conditions and in the absence of the auxiliary SOR protein, a role for SQR-like proteins in sulfide oxidation is questionable. Comparison of SQR-like amino acid sequences identified in ANME-1b sequences indicated homology (60% protein-protein similarity) with SQR-like sequences from methanogens with a sulfur-reducing capacity (Methanolobus sp.) (62), sulfur-reducing anaerobic Crenarchaeota spp. (66), and "Candidatus Altiarchaeales," an anaerobic archaeon from a sulfidic geyser, whose energy metabolism has not yet been established (67) . All of these sulfur-reducing archaea lack a conventional sulfur reduction pathway. Therefore, we hypothesize that in elemental-sulfur/polysulfiderich environments, SQR-like proteins might catalyze the reduction of elemental sulfur/ polysulfide to H 2 S. A similar hypothesis has been proposed in a deep-sea thermophile, Thermovibrio ammonificans, after detection of the overexpression of SQR-like genes during sulfur respiration (68) . While SQR-like proteins have not been shown to reversibly catalyze sulfide oxidation/reduction yet, there are precedents for reversible enzymes. Quinone oxidoreductase (69), aldehyde oxidoreductases (70), and hydrogenases are well known to oxidize or produce hydrogen, depending on the prevailing environmental conditions. An alternative explanation for the high expression levels of ANME-1 SQR is that it operates in the oxidative direction and acts to detoxify sulfide, a role that has been proposed for a number of SQRs (71) . This, however, does not reconcile the apparent lack of a metabolic pathway that would provide electron acceptors for both SQR-sulfide and methane oxidation processes in a sulfate-reducing bacterium-independent metabolism for ANME-1b in the PC10 sediment samples.
Based on these metagenomic and metatranscriptomic data, we propose a new model for bacterium-independent AOM by ANME-1b, where reverse methanogenesis might be coupled to the reduction of elemental sulfur and polysulfide (Fig. 6a) , which are frequently detected in sediments of cold seep and mud volcanoes (72, 73) . Even though a more extensive analysis is required to confirm the role of SQR-like proteins and F420-dependent sulfite reductase in methane oxidation by ANME-1b, thermodynamic calculations show that methane oxidation coupled to elemental sulfur/polysulfide reduction becomes exergonic (2CH 4 ϩ S 92 -ϩ 4H 2 O ϩ H ϩ ¡ 2CO 2 ϩ 8H 2 S ϩ HS -; ΔG°= ϭ -60.87 to -34.01 kJ/mol methane) at sulfide concentrations characteristic of methane seeps (Ͻ1 to ca. 15 mM) (74) , which also correspond to sulfide concentrations that define the niche of ANME-1 (12, 37) , supporting this potential metabolic pathway. These results point to new directions for future experimentations on AOM metabolism in microcosms and warrant deeper studies on SQR diversity and activity.
In contrast, in the highly active hydrocarbon seep sediment studied here (PC1), with greater fluxes of methane and other hydrocarbons, 16S rRNA, mcrA, and dsrAB gene and transcript data indicated that ANME-2c lineages (30% of the 16S rRNA) and their potential bacterial partners, the SEEP SRB1 group, were the most metabolically active members of the microbial community. This suggests that AOM by ANME-2/SEEP SRB1 consortia represented an important process in these sediments, as previously detected in other Gulf of Mexico seep sediments (6, 50).
In PC1 sediment samples, the expression of reverse methanogenesis pathway genes was detected at levels similar to those in the ANME-1-dominated PC10 sediments (Fig. 4) . Genes of methylenetetrahydromethanopterin reductase (mer) were detected in PC1 metagenomic sequences but were rare in the metatranscriptomic data (log 2 FC ϭ -1.42). Sequences of mer genes were affiliated with Methanosarcinales (which includes ANME-2 lineages). The mer gene, therefore, appeared not to be expressed during reverse methanogenesis by ANME-2c, or mer genes and transcripts detected belonged to minority methanogenic lineages which were also detected in PC1 sediment samples. Detection of mer genes in metagenomes and metatranscriptomes of single-species ANME-2a aggregates and in proteomes of ANME-2a enrichments (25) , as well as in metagenomes and metatranscriptomes of nitrate-reducing ANME-2d (11), has, however, been reported. Therefore, the presence and expression of mer genes in anaerobic methane-oxidizing ANME-2 may be lineage dependent.
In addition to exhibiting the reverse-methanogenesis pathway, the ANME-2-rich PC1 sediment sample exhibited strong expression levels for multiheme cytochrome c genes (log 2 FC ϭ 1.72) and genes involved in sulfate reduction (aprAB, dsrAB; log 2 FC ϭ 1.05) ( Fig. 3; Fig. S2 ). Together, these results support an earlier model for the behavior of AOM consortia where electrons from reverse methanogenesis are directly transferred to sulfate-reducing bacteria via surface multiheme cytochromes c, linking AOM with sulfate reduction (28, 30) (Fig. 6b) . This sulfate reduction-dependent AOM is consistent with the sulfate depletion (1.71 mM sulfate) and lack of sulfite accumulation measured at 3 to 4 cmbsf in PC1 sediments, indicating canonical sulfate reduction activity, as frequently observed in highly active cold seep sites (7, 54) .
Conclusions. Despite anaerobic methane oxidation being identified as the predominant potential microbial activity in sediment samples from distinct cold hydrocarbon seep environments, differences in anaerobic methanotrophic communities were detected between two seep sites. The data reported here are consistent with previous observations that ANME-1 organisms are often found as single rods-in-chain or as aggregates but without bacterial partners in deeper, more sulfidic, sediments, whereas ANME-2c/SEEP SRB1 consortia are more commonly detected in sulfate-methane transition zones and areas with highly active seepage (12, 37, 56).
FIG 6
Model based on gene expression profiles for the anaerobic oxidation of methane pathway for ANME-1 and ANME-2 lineages detected in PC1 and PC10 sediment samples. (a) Bacterium-independent AOM by ANME-1 potentially occurring in PC10 sediment samples. Reverse methanogenesis is coupled to intracellular quinone reduction, subsequently reoxidized by polysulfide reduction through sulfide-quinone reductase (SQR). (b) AOM coupled to sulfate reduction in ANME-2/SEEP SRB1 consortia as detected in the PC1 sediment sample. Electrons from reverse methanogenesis are transferred to the sulfate-reducing SEEP SRB1 lineage through multiheme cytochromes c. (c) Potential metabolic pathway for AOM coupled to sulfate reduction by ANME-1/SEEP SRB1 consortia detected in the metagenomic data set of PC10 sediment samples.
Although no transcripts for multiheme cytochromes c were detected in PC10, genes encoding multiheme cytochromes were identified in ANME-1-recruited reads, supporting previous genomic binning (30) . This might suggest that ANME-1 organisms, under different environmental conditions, might have the metabolic versatility to exchange electrons directly with a bacterial partner, as previously suggested for hydrothermal ANME-1 lineages (19, 29) (Fig. 6c ). It is also not possible to exclude the potential for hydrogenotrophic methanogenesis by ANME-1b. Thus, ANME-1 organisms might adapt to changing conditions by adopting different energy-generating pathways, allowing them to occupy different ecological niches from those of other ANME lineages in marine cold seeps. Furthermore, the considerable variability of aggregate forms and architectures, as well as the complexity of the relationship between AOM consortia members previously observed (14, 16, 22, 28) , suggests that other potential pathways for AOM might also exist. Our combined metagenomic and metatranscriptomic approach using intact seep sediment cores provided valuable insights toward understanding the full complexity of AOM metabolism and associated pathways.
MATERIALS AND METHODS
Sample collection. Cold seep sediment samples (15-cm-long push cores) from the Mississippi Canyon of the Gulf of Mexico were collected in October 2015 using an ROV during a sponsored seep detection and exploration cruise dedicated to oil and gas characterization. Two cold seep areas were investigated in this study ( Fig. 1) : (i) a slowly emitting gas seep (PC10) at 1,129 m water depth, showing sporadic bubble emission and scattered white mat-like traces at the sediment surface, and (ii) a second cold seep area (PC1), at 1,048 m of water depth, covered by orange and white microbial mats and exhibiting intense gas bubbling on the seafloor. Due to weather conditions, the number of sampling dives and coring was curtailed, and a single core per site was collected and shared between scientific teams. Sediment cores were recovered to the research vessel and immediately sectioned aseptically. Sediment layers from 1 to 3, 5 to 10, and 12 to 15 cm below the seafloor (cmbsf) were subsampled for oil and gas analysis, whereas samples from 3 to 4 and 10 to 12 cmbsf, frequently corresponding to the sulfate-to-methane transition zone and methanogenic zone, were subsampled for microbial community and pore water analysis. The PC1 sediment core was only 10 cm long, and only one sample (at 3 to 4 cmbsf) was available for microbiological analysis. Sediment sections were stored in 50-ml sterile tubes at -80°C until nucleic acid extractions were performed. From sampling to storage, the sediment samples were processed in less than 90 min. Pore water was collected from all samples following centrifugation. Anions in pore water were quantified using a Dionex ICS-2000 ion chromatograph (Thermo Scientific, Sunnyvale, CA, USA) with suppressed conductivity detection. Anions were separated on an AS11 column (Dionex) using a KOH gradient. Methane concentration and hydrocarbon composition in sediment samples were determined by gas chromatography coupled to mass spectrometry (GC-MS). Methane stable-isotope composition was determined using a gas chromatography system coupled to an isotope ratio mass spectrometer (Shimadzu, Kyoto, Japan).
Nucleic acid extraction and preparation. To ensure that a sufficient nucleic acid concentration was recovered for multiomic analyses, DNA and RNA were extracted from 2 ϫ 2.5 g of sediments per sample (5 g of sediments per samples) as previously described (91) and dissolved in 200 l of molecular-biology-grade water. For DNA-based metagenomic analyses, 50-l samples of nucleic acid extract from each replicate were pooled and purified using a Wizard DNA cleanup kit (Promega, Madison, WI, USA). Afterwards, DNA was stored at -20°C until library preparation. A negative-control experiment of DNA and RNA extraction (procedural blanks without sediment) and purification was also carried out. The absence of contaminant was confirmed by PCR targeting the V4-V5 region of bacterial 16S rRNA genes as previously described (5). For RNA-based metatranscriptomic analyses, the remaining nucleic acids from the duplicate extractions were pooled for each sample, and RNA was purified and concentrated using a NucleoSpin RNA XS kit (MachereyNagel, Düren, Germany). Additional DNase treatments were carried out to remove any trace of carried-over DNA (DNase I Ambion; Life Technologies, Carlsbad, CA, USA). The absence of visible amplification of 16S rRNA genes after 35 cycles of PCR with universal primers (U515f and U919r) (75) using the RNA extracts as the template confirmed the absence of any DNA contamination. RNA was stored at -80°C and converted to cDNA within 2 days of freezing. Total RNA was used as the template for triplicate cDNA synthesis reactions using the Ovation RNA-Seq v2 system (NuGEN Technologies, San Carlos, CA, USA). To ensure sufficient cDNA concentration for library preparation, cDNA replicates were pooled before the final bead purification step and were dissolved in 20 l of molecular-biology-grade water.
Metagenomic and metatranscriptomic library preparation, sequencing, and analysis. Metagenomic and metatranscriptomic libraries were constructed using a Nextera XT library kit (Illumina, San Diego, CA, USA) according to the manufacturer's recommendations with 1 ng of purified genomic DNA or cDNA. Tagmentation and indexing were checked using a high-sensitivity DNA chip on an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Libraries were normalized and diluted to 4 nM based on the average size and concentration determined from the Bioanalyzer trace. Libraries were pooled in equimolar amounts, and two pooled libraries (i.e., 2 metagenomes/transcriptomes) were sequenced per Illumina MiSeq cartridge. Metagenome/transcriptome libraries were diluted to 12.5 pM and sequenced using an Illumina MiSeq V3 kit (Illumina, San Diego, CA, USA). The sequences obtained 1 e00091-18 msystems.asm.org 13
were barcoded and adapter trimmed on the instrument, using Illumina's MiSeq Reporter software, and downloaded from the instrument as fastq files. Data sets were quality filtered using Sickle (76), using a Q-score cutoff of Ͼ20 and a minimum read length of 60 bp. Paired-end joining was done using the join_paired_ends.py script bundled with the QIIME package (version 1.9), using default settings. Metatranscriptomic reads were assembled using Trinity (77) , whereas assembly of the metagenomic reads was performed using MEGAHIT (78) and default settings. After assembly, all reads which passed quality filtering where mapped back to the assembled contigs to detect reads which were not included in the assembly using BBMap (79) and default settings. Reads which were not mapped to the assembly were concatenated with assembled contigs into a single FASTA file for upload into the IMG/M analysis pipeline (80) for gene calling and functional annotation (see Table S1 in the supplemental material). Sequence data sets were pooled and then normalized by multiple (100) rarefactions to ϳ130,000 KEGG orthologs (KOs) (the lowest number of KOs) for comparison of the samples. Relative abundances of genes and transcripts with predicted KOs were analyzed (Table S2 ). In addition, relative abundances of multiheme cytochrome c and fsr genes and transcripts were obtained by BLAST search of the reads against publicly available ANME sequences of these genes (29, 30) . Positive hits with BLAST were called when the bit score was above 50 and the E value was Ͻe Ϫ15 . The gene expression level for each sample was estimated using the log 2 or log 10 fold change (log 2 FC and log 10 FC, respectively) of the metatranscriptome data relative to gene counts in the corresponding metagenome. Binning of metagenomic contigs longer than 5,000 bp was attempted using MetaBAT (81) and GroopM (82) to reconstruct ANME draft genomes. However, this approach was unsuccessful probably due to the complexity of the samples and the limited sequencing depth (83) . Nevertheless, ANME-1-related sequences were recruited by BLAST search of the contigs against sequences from published fosmid libraries of ANME-1 (24, 58) , and then recruited contigs were assembled with IDBA-UD (84) to generate an ANME-1 genomic bin. ANME-1-recruited reads were manually curated. Reads affiliated with bacteria (18% of the reads) were removed as potential contaminations. Completeness of the ANME-1 genomic bin was assessed using CheckM (85) . A similar approach was attempted using the published ANME-2a single-aggregate genome (38) to assemble an ANME-2c metagenome from our metagenome sequence data set. However, the number of recruited contigs was limited, and assembly of an ANME-2c genomic bin was unsuccessful.
The 16S rRNA, mcrA, dsrAB, and multiheme cytochrome c genes and transcripts were extracted from the metagenome and metatranscriptome sequence data using vsearch against publicly available data sets for 16S rRNA (Silva release 129) (86) , mcrA (42) , dsrAB (43) , and multiheme cytochrome c (29) . Taxonomic affiliations of extracted genes were assigned with BLAST against their respective database using QIIME 1.9.1 (87) . For phylogenetic tree construction, full-length dsrAB and mcrA genes were reconstructed from metagenomic and metatranscriptomic reads using Xander (88), followed by sequence alignment using MAFFT (89) . Phylogenetic trees were estimated using the neighbor-joining method, with distances calculated with Kimura's two-parameter model using MEGA4 (90) . The robustness of the inferred topology was tested by bootstrap resampling (1,000 replicates). Accession number(s). Metagenomes and metatranscriptomes are available in the IMG/M database under the following accession numbers: 3300008741, 3300009865, 3300009874, 3300008468, 3300008633, and 3300008340.
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